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A B S T R A C T
The IGBP Analysis, Integration and Modeling of the Earth System (AIMES) project has developed the
notion of Earth System Science (ESS). ESS studies how the planet operates as a coupled system of
interacting components, which produce emergent behaviors over and beyond the dynamics of the
individual components. Many climate models used in the IPCC's 5th Assessment Report (AR5) include
representations of the physical climate system and the biological components of the land and ocean
carbon cycle. AIMES and its forerunner Global Analysis and Integration of Models (GAIM) helped lay the
groundwork for this advance. Subsequently, AIMES has been instrumental in the evolution of climate
models into Earth System Models, promoting dialog between the relevant communities to ensure greater
consistency in the IPCC assessment process.
Today, society faces interconnected challenges including climate change, ﬁnancial crises, food security,
governance of pandemics, and energy sufﬁciency. This requires decision makers to understand systemic
risks for which the available tools provide insufﬁcient guidance. AIMES is targeting to improve links of
science with stakeholders in society to stimulate appropriate societal responses. Under Future Earth,
AIMES prioritizes the understanding and modeling of human–environment interactions in the
Anthropocene, focusing on gathering consistent data on biophysics and socioeconomics; lessons that
can be learnt from past human–environment interactions; and the modeling of planet Earth as a complex
system in which human beings are internal components rather than external actors. Key overarching
themes include land-use change and the characterization and forecasting of critical transitions (or
“tipping points”) in the Earth System.
ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Contents lists available at ScienceDirect
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journal homepage: www.else vie r .com/ locate /ance ne1. Introduction—the legacy from GAIM
This document provides three major avenues of information.
First, we describe the legacy and heritage of AIMES, we then
provide insight into how AIMES has contributed to Earth System
Science (ESS) through observations, human/environmental inter-
actions, prediction and model evaluation and fostering intellectual
collaboration across the natural and social sciences. The discussion
next provides an overview of how the future of AIMES will evolve
with global change science and complex systems as cornerstones
of the future. We then conclude with the need for multiple* Corresponding author.
E-mail address: vanderle@asu.edu (S.v.d. Leeuw).
http://dx.doi.org/10.1016/j.ancene.2016.02.001
2213-3054/ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article unpathways of science to application for the next generation of Earth
system science. More information about AIMES can be found at
www.aimes.org.uk.
The GAIM Task Force began in 1993 with the goal of advancing
the study of the coupled dynamics of the Earth system using both
observational data and numerical models. GAIM realized that to
develop integrated models of the Earth system, it was necessary to
evaluate model performance in the context of component Earth
system disciplines: atmospheric, oceanic and terrestrial. At that
time, it was clear that modeling the carbon cycle was a major gap in
climate system modeling and GAIM undertook a series of highly
inﬂuential activities to ﬁll that need. The evolution of GAIM can be
summarized in two phases: (1) a strong focus on independent sub-
system analyses of the carbon cycle from 1993-ca 2000, during
which several model intercomparison activities evolved includingder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Carbon Model Intercomparison Project (OCMIP), and the Atmo-
spheric Tracer Transport Model intercomparison (TRANSCOM); (2)
a transition period from ca. 2000  2003 where the original goals
were re-visited and activities were initiated to address broader
Earth system questions, which led to the initial development of
coupled carbon–climate models (e.g. C4MIP). The ﬁrst phase of
GAIM ocean (Orr, 1999,Orr et al., 2001), atmospheric (cf Denning
et al.,1999; Gurney et al., 2000, 2002, 2003) and terrestrial (Cramer
et al., 1999; Heimann et al., 1998; Olson et al., 2001; Zheng et al.,
2002) intercomparison projects contributed signiﬁcant advances
in our ability to quantify carbon pools and ﬂuxes and to
discriminate between uncertainties in and between model
formulations and sparse datasets. For instance, the TransCom or
“Atmospheric Traces Transport Model Intercomparison Project”
was able to quantify how differences in vertical mixing contribute
to variable meridional transport in the atmosphere (Denning et al.,
1999).
The next phase of GAIM recognized a changing international
scientiﬁc landscape and decided that the time was ripe to address
broader Earth System objectives. The Coupled Climate Model
Intercomparison Project (C4MIP) and Earth System models of
Intermediate Complexity (EMIC) were initiated to integrate ocean,
atmosphere and terrestrial models of the carbon cycle and
simpliﬁed formulations of Earth system dynamics over paleo-
time frames, respectively. Concurrent to the developing theme of
earth system analyses was the development of a new Global
Carbon Project (GCP) whose goal is to understand the human–
natural carbon system and its associated feedbacks. There have
been a number of other successful activities that were initiated by
GAIM, or through GAIM collaboration with other programs. The
Global Soil Data Task (2000) was an international collaborative
project led by the International Geosphere–Biosphere Programme
Data and Information System (IGBP-DIS) to develop an improved
global database of soil characteristics. The Soil Data System allows
users to generate soil information and maps for geographic regions
at soil depths and resolutions selected by the user. Derived surfaces
of carbon density, nutrient status, water-holding capacity, and heat
capacity are provided for modeling and inventory purposes. BIOME
6000 (TEMPO, 1996; Jolly et al., 1998; De Noblet-Ducoudre et al.,
2000), was another partnered activity with IGBP-DIS, IGBP-GCTEFig. 1. Uneven latitudinal distribution of FLUXNET sites (red bars) relative to estimated
shading), and total land carbon (orange line and pink uncertainty shading) (Schimel etand IGBP-PAGES. The aim of BIOME 6000 was to assemble pollen
data for 6000 and 18,000 years before present (yr B.P.), and to use
these data to construct global maps of vegetation for these time
periods, using a standard, objective “biomisation” technique based
on the classiﬁcation of plant taxa into plant functional types. The
BIOME 6000 activity has generated global vegetation and mega-
biome reconstructions for the mid-Holocene and last glacial
maximum as well as regional land surface and aeolian transport
and deposition databases.
In this article a summary of AIMES research areas and
accomplishments is towards presented and its importance
explained. Section 2 details in four sub-sections the contributions
of AIMES for integrated human–environmental research on (i)
present timescales using Earth System Observations, (ii) past
timescales launching and now collaborating with the sister Future
Earth project IHOPE (iii) future timescales predicting changes in
the Earth System through Earth-System Modeling and (iv) forming
a new generation of Earth System Scientists through young
researcher opportunities and workshops under the Young Scholars
Network (YSN). In Section 3 the place of AIMES within the Future
Earth network of communities is explained, particularly in
contributing towards a paradigm shift in delivering more trans-
disciplinary research and in moving forward to a full understand-
ing of the Earth as a complex system.
Finally, a summary of the lessons from AIMES research areas is
presented in a way that shares such invaluable experience and
gives assurance of AIMES unique standpoint to, from within Future
Earth, articulate different projects from various related disciplines,
to deliver a novel and post-disciplinary integrated approach to
study the Earth System and the causes and implications of its
changes due to, and upon, human systems.
2. AIMES research areas and recent accomplishments
2.1. Data for the Anthropocene: Earth System Observations and the
Merton Initiative
Observations are central to the Earth System Science enterprise,
providing the phenomenological basis for the development of
theory, quantitative information for model building and evalua-
tion, and detection of change. Earth System Science inherits an zonal mean Gross Primary Productivity (GPP, blue lines and light blue uncertainty
 al., 2015).
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practical constraints, and attempts to repurpose this for Earth
System Science. Efforts such as GEOSS have led the way in
attempting to rationalize this system, conduct gap analyses, and
develop the best possible products to ﬁll the gaps. As new science
questions emerge, however, studying the dynamics of coupled
subsystems seems to require a new level of coordination between
disciplinary or process-focused observations. AIMES, together with
numerous partners, organized a workshop at Merton College,
Oxford in September 2011 to study the current state and desirable
future of Earth System observations. The report included a number
of important issues, as summarised below (Schimel et al., 2012).
First, there is a strong bias in observations towards the
accessible, leading to observing sites being correlated with dense
human populations, and mild climates (see Figs. 1 and 2). On land
the tropics and high latitudes, and in the oceans the Southern
Ocean and other blue-water regions of strong physical and
biological activity (ice margins) are under-sampled. These are
regions of strong Earth System interaction and likely locations for
tipping points (Schimel et al., 2015). These measurement biases
contribute very directly to model uncertainty because the most
sensitive regions are therefore also the least well-constrained.
Second, remote sensing plays a critical role in Earth System
science, providing a global perspective, data that may be applied
across a range of scales, and ongoing time series. However, the
Merton report notes that space-based data are usually most
powerful in conjunction with in situ observations and that there
are many opportunities to develop “linking observations” that
increase the value of both vantage points. Identifying and making
these linking observations can increase the accuracy of the space-
based observations and extend the impact of the in situ
observations by allowing the rigorous use of the remote sensing
products in extrapolation.
Third, the increasingly intense interactions between human
and natural systems are imperfectly observed at best. In this area,
the disciplinary boundaries are particularly high, the correct scales
to coupled observations are not obvious, models are primitive and
provide little guidance and correspondingly the opportunities for
rapid progress are large. Linking observations of human and
natural systems can lead to rapid progress, and may allowFig. 2. Uneven geographical coverage of ocean mefalsiﬁcation of some of the widely divergent ideas, now largely
ungrounded in data, about how these interactions proceed.
Foundations for this nascent area of observational science exist
related to land use and land cover change, demography, agriculture
and water resources. Merton workshop participants saw the
further development of this idea as essential to the coupled
human–environment modeling enterprise as well.
2.1. Learning from the past
Two important limitations of the initial AIMES approach are (a)
that it only takes the recent dynamics of the Earth system into
account, and (b) that it does not consider the role of societal
dynamics (Crumley, 2000). To mitigate this, it developed the IHOPE
project, which studies the long-term trajectories of integrated
human–environmental systems, based on archaeological, paleo-
environmental, anthropological and historical data (http://ihope-
net.org/about/) in order to begin considering:
& Very slow, long term dynamics not observable at shorter
timescales. These can be incremental (as in cultural changes) or
an accumulation of minor shocks (as in tectonics);
& A much wider range of system states. Reconstruction of system
dynamics based on short periods of observation (the last 50–
150 years) deals with states considerably affected by human
activities, excluding nature-dominated states
& The second order dynamics of socio-environmental co-evolu-
tion: structural changes in the dynamics governing that co-
evolution as societal and environmental dynamics became
more intertwined.
In IHOPE, societal changes are explored from ﬁrst emergence to
transformation, through the dual lens of both inﬂuencing and
being inﬂuenced by environmental change. The data and
information from the past are used to build dynamical models of
the processes which shaped that co-evolution, and those models
are used to learn for the future by experimentally modifying them,
stressing them and otherwise studying how the dynamics would
play out under ranges of different circumstances (van der Leeuw
et al., 2011; Costanza et al., 2012,). Comparing these scenariosasurement sites. (http://www.oceansites.org/).
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the dynamical systems involved, including their potential tipping
points.
The MayaSim model (https://www.openabm.org/model/3063/
version/4/view), for example, examines the relationship between
population growth, agricultural production, pressure on ecosystem
services, forest succession, value of trade, and the stability of trade
networks. It calculates biophysical variables for precipitation,
water ﬂow, and net primary productivity, and these are then used
to estimate forest succession, agricultural production, and
ecosystem services. Settlement agents interact with the spatial
landscape to generate agricultural yield through cropping, derive
beneﬁt from local ecosystem services, and generate trade beneﬁts
within their local trade network (Heckbert, 2013). The combined
beneﬁts of agriculture, ecosystem services and trade drive
demographic growth including migration.
By modifying the model parameters (temperature, hydrology,
area available for cultivation, crops, population, etc.), different
scenarios can be elaborated that explore different states of the
system due to differences in the balance between resource demand
and consumption:
1. Ample resources/low demand causes rapid adaptations of the
system to exploit excess energy.
2. Ample resources/moderate demand leads to a stable period that
is able to adapt or withstand changes in resources or demand.
3. Moderate resources/low demand causes changes in social
organization, population growth, territorial control.
4. Moderate resources/moderate demand generally leads to an
unstable period, “quick-ﬁx” changes in demand or resources.
5. Moderate resources/high demand causes rapid adaptations to
declining supply, and if maintained for a longer time,Fig. 3. Results of a regression analysis over three principal factors for different groups o
depends), and the yellow circles indicate four different bands of resource availability aconsumption of potential future resources to meet present
needs.
6. Few resources/high demand makes the system highly suscepti-
ble to any climatic, social or environmental change.
By locating individual settlements in this demand/consumption
framework one can begin to assess the impact of local environ-
mental circumstances on the sustainability/resilience/vulnerabili-
ty of the settlements, thus laying the foundation for a range of
different co-evolutionary scenarios of the settlement network
(Fig. 3).
IHOPE, which is now an independent Future Earth core project,
aims to compare case studies, such as Australian hunter–gatherer
societies, small-scale dry-farming and irrigation societies in the
southwest of the U.S.A. and northern Mexico, more complex chieﬂy
societies of the Maya area and the Roman Empire. Such
comparisons enable a more general assessment of the variables
impacting on the interaction of different societal structures with
their environment.
2.2. Predicting the future: development and evaluation of earth system
models
AIMES, with its forerunner (IGBP-GAIM), and WCRP partner
(the Working Group on Coupled Modeling, WGCM), have been
instrumental in the evolution of climate models into Global Earth
System Models (ESMs). AIMES, in coordination with the WGCM and
the Integrated Assessment Modeling Consortium (IAMC) devel-
oped the Representative Concentration Pathways (Moss et al.,
2010; Van Vuuren et al., 2011), whereby policy-driven mitigation
scenarios were provided by the IAMC to catalyze the climate
modeling work for the IPCC’s Fifth Assessment Report (AR5)f settlements. Each dot is a Maya city (and the surrounding landscape on which it
nd consumption. (Published with permission by J. Gunn).
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assessment that included carbon cycle emissions and concen-
trations to diagnose carbon cycle feedbacks to the Earth system
(Hibbard et al., 2007). The coordination between the climate
modeling communities and the IAMC led to the active develop-
ment of consistent land cover/land use and emissions databases for
the AR5 (Hurtt et al., 2011; Lamarque et al., 2009) (Fig. 4).
AIMES supported the development and evaluation of ocean and
land carbon cycle components, and continues to do so through its
MAREMIP (http://lgmacweb.env.uea.ac.uk/maremip/index.shtml)
and iLAMB (http://ilamb.org) activities, respectively. AIMES and its
Scientiﬁc Steering Committee (SSC) members have led the
development and intercomparison of fully coupled climate–carbon
models (Friedlingstein et al., 2006; Hibbard et al., 2007; Arora et al.,
2013; Brovkin et al., 2013). As a result of these efforts, the IPCC 5th
Assessment Report, or IPCC AR5, contains results from ESMs (i.e
coupled climate carbon-cycle models). AIMES has continued to
contribute to the development, evaluation and use of Earth System
Models, as evidenced by the recent examples below:
(a) Evaluation of carbon cycle simulations in the IPCC AR5 Earth
system models
AIMES was central to the key studies that analyzed the carbon
cycle simulations produced by the Earth System Models (ESMs)
used in the IPCC AR5 as outlined by Hibbard et al. (2007),
producing inﬂuential publications on the evaluation of the model
against the historical record (Anav et al., 2013), the analysis of
climate–carbon cycle feedbacks (Arora et al., 2013), and the impact
of changes in land-use (Brovkin et al., 2013).
(b) Assessing the vulnerability of tropical rainforests to climate
change
AIMES was involved in two high-proﬁle papers that re-
examined the vulnerability of tropical rainforests (especially in
Amazonia) to climate change. The ﬁrst of these showed that the
year-to-year variation in atmospheric CO2 is correlated with
projected losses of tropical land carbon under climate change,
across the ensemble of Earth System Models (Cox et al., 2013). This
enables the observed year-to-year variation in atmospheric CO2 to
be used as an Emergent Constraint on future tropical carbon losses
due to climate change—suggesting losses of about 50GtC per C of
warming in the tropics (see Fig. 5). The second paper (Huntingford
et al., 2013) indicates that the Amazonian rainforest is therefore
likely to be robust to CO2-induced climate change, but only if CO2
fertilizes tree growth in the manner currently assumed in ESMsFig. 4. Trajectories of four mitigation pathways, or representative concentration pathwa
the climate modeling community for (a) radiative forcing (W/m2), (b) CO2, (c) CH4; and (
other greenhouse gasses (from Van Vuuren et al., 2011).(c) Intercomparison of phytoplankton succession and phenology
(MAREMIP)
AIMES supported the MAREMIP project in comparing the
performance of marine ecosystem models. Recently, the spatial
and temporal representation of phyto-plankton functional types
(pPFTs) in four different Dynamic Green Ocean Models was
compared to phytoplankton distributions derived from two
independent satellite estimates (Vogt et al., 2013). Models were
found to simulate diatom dominance over a wider temperature
and nutrient range, whereas satellites conﬁne diatom dominance
to a narrower niche of low-intermediate annual mean temperature
(annual mean SST 10 C), but allow for niches in different ranges of
surface nitrate concentrations. The differences in the representa-
tion of diatoms among models and the comparison to satellite
estimates has highlighted the need to better resolve phytoplankton
succession and phenology in the models.
2.4. Developing a new generation of earth system scientists: the young
scholars network
AIMES, in collaboration with the UK, held ﬁve Young Scholar’s
Network (YSN)i workshops. The YSN goal was to foster collabo-
rations among Young Scholars on integrative research to better
understand the role of humans in perturbing biogeochemistry and
climate, connecting these researchers across disciplinary and
geographic boundaries. Since 2005, the AIMES YSN has been
extremely successful in bridging multidisciplinary and geographi-
cally widespread young, and early career scientiﬁc and scholarly
communities towards the development and future collaboration of
trans-disciplinary understanding of Earth system science (Scholze
et al., 2005). All of the AIMES YSN’s required participation from
physical, biological and social scientist communities as well as the
humanities. The further development of the YSN concept under the
umbrella of Future Earth is a high-priority for AIMES (see below)
(Scholze, 2007).
3. AIMES under future Earth
3.1. The need for a paradigm shift in global change research
The last thirty years of Global Change Research has yielded a
patchwork of information about many environmental aspects of
the current Earth System. That patchwork has many strengths and
weaknesses. Current understanding has been gained through the
efforts of scientists mainly working in disciplines, or small clusters
of disciplines; yet so many challenges and research frontiers stillys (RCP’s) developed by the integrated assessment community in coordination with
d) N2O emissions. Similar trajectories were developed for other concentrations and
Fig. 5. Emergent constraint on the sensitivity of tropical land to warming arising from the observed inter-annual variability (IAV) in the growth-rate of atmospheric CO2 (Cox
et al., 2013). (a) Climate sensitivity of tropical land-carbon (ã LT) versus the sensitivity of the CO2 growth-rate to tropical temperature, for each of nine coupled climate-carbon
cycle models. The red-dotted line shows the best- ﬁt straight-line across the C4MIP models (black letters). The red letters represent a test of this relationship against the three
HadCM3C ensemble members. The vertical dot-dashed line indicates the constraint on the observed IAV of the CO2 growth-rate. (b) Probability density function (PDF) for the
climate sensitivity of ãLT derived from applying the IAV constraint to the across-model relationship shown in panel (a). The red line shows the “prior” PDF that arises from
assuming that all of the C4MIP models are equally likely to be correct and that they come from a Gaussian distribution.
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for the challenges of the Anthropocene. While the environmental
and societal dynamics have been co-evolving together over
millennia, relatively little scholarship has explored this. Indeed
the environmental and the societal domain have until recently
been seen as separable for the purposes of most research. Scale,
which is among the ﬁrst topics that IGBP explored (Rosswall et al.,
1988), remains a fundamental challenge.
Most of our understanding is gained at one, two or at most three
scales in time and/or space, and we lack the knowledge to deﬁne
the time/space scales at which human and natural systems interact
strongly or weakly. The Complex Adaptive Systems approach
fundamental for understanding the dynamics of the GESS, has been
applied patchily. Therefore AIMES 2.0 is adopting a Complex
Adaptive Systems perspective that crosses sectors, scales and
disciplines (van der Leeuw, 2013).
AIMES will work to develop an intellectual framework in which
human–natural systems interactions are intrinsically coupled.
McGlade has argued (1995): “There is no natural (sub) system,
there is no social (sub) system, there are only interactions in anFig. 6. schematic showing the transition from the key AIMES 1.0 projects to the AIMES 
Anthropocene. Current and future projects are organized into the four themes identiﬁeintegrated system”. So in order to understand and manage the
Anthropocene, we will conceive of the (Global) Earth System as a
multi-scaled Complex Adaptive System that encompasses all
interactions on Earth, whether among natural subsystems, among
societal subsystems, or between natural and societal subsystems.
We believe that the key issue is to extend the ESS concept to
include human-kind as internal components rather than external
actors.
3.2. Understanding and modeling planet Earth as a complex system
In general, a system is deﬁned as a conceptualisation of a
portion of reality in terms of a set of interrelated elements. In
general, the elements can be molecules, organisms, geophysical
factors, social entities, or Earth System sub-systems. The inter-
relations, inter-linkages and couplings between these elements
may also have very different manifestations (economic trans-
actions, ﬂows of matter, energy or information, causal relations,
etc.), and often display emergent properties. Hence the notion that
“the whole is more than the sum of the parts”.2.0 Virtual Institute for the study of Coupled Human-Environment Dynamics in the
d by the color coding.
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are increasingly becoming powerful co-determinants of the
dynamics of the whole Earth System, yet our theoretical and
empirical tools to address this remain limited. The obvious
example is the coupling between the impressive buildup of CO2
generated by human activities (fossil fuels combustion, generation
of aerosols, cement manufacture, deforestation, and others) and
global climate change, that is in turn reverberating back into
human well-being.
Many sources of uncertainty arise in complex systems. Some of
these are reducible with more data and additional research, such as
the uncertainty due to random processes (amenable to statistical
or probabilistic analysis), or that due to ignorance (because of lack
of data or inappropriate data sets, incompleteness in the deﬁnition
of the system and its boundaries, incomplete or inadequate
understanding of the system). Sources of uncertainty arising from
chaotic and computationally irreducible behavior are reviewed in
Beckage et al., 2011). Dealing with this kind of irreducible
uncertainty is one of the signiﬁcant epistemological challenges
of ESS (Modvar and Gallopín, 2005).
IGBP-AIMES, and its forerunner IGBP-GAIM, has been instru-
mental in the identiﬁcation of climate “tipping points” that could
result in abrupt and/or irreversible changes (Lenton et al., 2008).
AIMES 2.0 will promote research on tipping points, with the goal
of providing techniques that could be used across the whole-
range of disciplines that will contribute to Future Earth—from the
economics of market crashes to the dynamics of human migration.
4. Conclusions: Earth system science as a post-disciplinary
effort
Reﬂecting on when work began on GAIM and AIMES since 1990,
these integrative core projects have cultivated an increasingly
post-disciplinary community of scholarship. When GAIM began,
the group had to bridge seemingly vast differences in perspective,
scale, culture, and tools, between the earth and life sciences.
The communities that came together approached processes at
different time scales, over different spatial extents from organisms
to the globe, and had different observational resources to draw on.
As AIMES began, it faced similar challenges integrating the social
sciences and humanities, even to the extent of referring to
“scholarship” rather than “science” in its activities.
AIMES has taken a problem-oriented approach, focusing on
topics such as the relationship between future fossil emissions (a
human process) atmospheric concentrations (dependent on
physics and biology) and climate (largely physics); and the impact
of climate variability on societal development (paleoclimate,
archaeology, history—all collaborating to understand governance).
Disciplinary knowledge was central and crucial in these studies,
but operationally, the AIMES groups often found the trappings of
the discipline, their culture, assumptions and priorities, to be a
hindrance to open discussion, leading to misunderstandings as a
result of unstated assumptions. However, with commitment and
goodwill, these issues diminished in importance and the AIMES
groups learned to “check their disciplines at the door”, bring their
knowledge, world-views and perspectives, but be very clear about
assumptions and presumptions associated with those perspec-
tives. The understanding achieved through a problem-oriented
approach is now being worked on in collaborative, interdisciplin-
ary ways to ﬁnd solutions to improve our understanding of the
Earth-system. In fact, many of the issues in Earth system science
are integrated, whole topics that do not map onto our medieval
sorting of knowledge into disciplines.
Studying many of the interactions and feedbacks within the
human–natural Earth system requires individuals and teams to
possess knowledge that spans many traditional areas, and to have aperspective of the whole system that does not currently belong
uniquely to any of the recognized disciplines. As the world changes,
the socio-environmental problems that must be addressed in the
transition to sustainability diverge increasingly from the knowl-
edge paradigms of academia and require individuals and teams
that can integrate knowledge across disciplines, time and space
scales to address the multi-scaled environmental challenges of the
next century.
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